Abstract This study aims to apply thermal tools in the evaluation of decayed and weathered wood polymer composites prepared by in situ polymerization with and without cross-linkers. Pinewood samples were impregnated with methyl methacrylate using glycidyl methacrylate and methacrylic acid as cross-linkers by vacuum/pressure. The polymerization was carried out in an oven at 90°C for 10 h using benzoyl peroxide as catalyst. All samples were exposed to decay and artificial weathering tests. The characterization was performed by mass loss, color changes, optical images, wettability, thermogravimetric analysis (by means of DTG) and differential scanning calorimetry analyzes. The mass loss was higher in untreated wood in comparison with the composites, *2.5-10 times. Crosslinked composites showed the highest resistance to fungal biodeterioration. The reduction in L*, chroma and b* confirmed loss of original yellow tones and increase in dark and dull tones of samples. The wettability was very affected by irregularities of the samples' surface. Only DTG showed a shifting in the temperature of thermal events related to polysaccharides and lignin after exposure to decay and weathering. DTG was the best thermal technique for evaluation of decaying and weathering of wood composites.
Introduction
Natural biodegradable materials are widely used in building construction and, consequently, are exposed to deterioration processes with chemical, environmental or microbial origin. Rating of material's deterioration is directly dependent on the environment that the material will be exposed. Among biodegradable materials, wood is considered durable in relation to the ability to preserve its structural properties under weathering, but not for the attack of xylophage organisms [1] .
Wood is constituted by flexible cellulose fibers assembled in an amorphous matrix of lignin with hemicelluloses acting as coupling agent. This material consisting in a special and natural ultra-cellular structure with high strength-to-mass ratio. Among the main inherent characteristics of wood, hygroscopicity is the most restrictive property. Wood capacity of water sorption from its surroundings leads to a series of interconnected technological problems, which limits its service-life. Problems related to increase wood moisture including the dimensional swelling, the variation of density and specially the increase in susceptibility to biodeterioration [2] . All these issues may result in irreversible damage to wood structures.
For increasing wood applications, several treatments have been developed, such as the preparation of wood polymer composites by in situ polymerization [3] [4] [5] .
Production of wood polymer composites involves the impregnation of solid wood by unsaturated monomers followed by in situ polymerization [6] [7] [8] [9] . This method uses the microstructurally organized wood as a template, and the in situ synthesized polymer is the reinforcement, which results in new materials with physical, biological and mechanical properties better than the untreated wood [4, 6] .
Many tools are used to evaluate these wood composites, including water uptake tests, infrared spectroscopy, dimensional stability tests, electron microscopy and mechanical tests [6, 7] . In addition, thermal tools such as thermogravimetric and differential scanning calorimetry analyzes can be useful. In general, thermal techniques are widely applied for the evaluation of thermal behavior of wood and wood-based products [10, 11] , lignocellulosic biomass combustion kinetics [12] and fuels from wood residues [13] . The thermogravimetric analysis is also applied to quantify the percentage of polypropylene in wood polymer composites [14] . Many other researches have used the thermal tools to evaluate the grafting reactions [15] , in situ polymerizations [6] , thermal treatments [16] and biodeterioration of wood [1] -showing the wide range of applicability of these thermal techniques.
Therefore, this study aims to search a suitable thermal tool able to provide high-quality information about the wood polymer composites deterioration by fungi and weather. Other usual techniques applied in biological performance tests were also used to better interpretation of the experimental results. The composites were prepared by in situ polymerization of methyl methacrylate (MMA) using glycidyl methacrylate (GMA) and methacrylic acid (MAA) as cross-linkers.
Materials and methods

Raw material
A local Brazilian sawmill (Madarco-S.A.) provided Pinus taeda wood. Fifteen free-defect pinewood samples were prepared and cut into blocks of 1.5 9 1.5 9 2.5 cm 3 (thickness, width and length, respectively). The MMA, GMA and MAA were purchased from Sigma-Aldrich and were used as received. Benzoyl peroxide (BPO) obtained from Vetec Química Fina (Brazil) was used as the free radical catalyst activated by heat.
Preparation of the wood polymer composites
The samples were oven-dried at 90 ± 2°C until constant mass (*2 days) and then cooled in a silica gel desiccator. The monomeric solutions were prepared according to Table 1 , and 1.5 mass% of BPO was added.
The samples were vacuumed at 600 mmHg during 0.5 h using a stainless cylinder. Subsequently, the solution was released into the cylinder followed by pressurization using compressed air at 6 atm for 1 h. After the impregnation, the excess of chemicals was removed from the wood surfaces. Then, the samples were wrapped in aluminum foils and polymerized at 90 ± 2°C for 10 h. The mass percent gain (MPG) after polymer loading was determined as previously mentioned in other studies [4, 17, 18] .
In vitro decay tests
The in vitro decay resistance tests were performed according to EN Standard (PN-EN113), using malt agar as substrate. Brown decay fungi [Gloeophyllum trabeum (Pers. ex Fr.) Murr.] and white decay fungi [Trametes versicolor (Linnaeus ex Fr.) Pilat.] were used. The untreated pinewood and the three wood polymer composites (five replicates for each treatment) were exposed to decay for 16 weeks in a thermostatic cabinet chamber at 25°C.
Artificial weathering tests
The untreated wood and wood polymer composites samples were exposed to artificial weathering using a 340-nm fluorescent UV lamps in a Bass equipment. One hundred and twenty cycles were performed, in a total of 1440-h exposure. Each weathering cycle involved a continuous UVA light irradiation of 8 h at 60 ± 3°C, 0.25 h of water spray (no light) and 3.75 h of condensation at 50 ± 3°C, according to the Cycle 7 of the ASTM G154 (2000).
Decay and weathering evaluation
The mass loss after decay and weathering tests was determined based on the dry mass (after drying at 90 ± 2°C until constant mass) of the samples before and after the exposure, as previously reported [1] . The visual analysis of the decayed and weathered composites' surface was performed by high-resolution optical images using a stereomicroscope Zeiss Discovery 1.0. The changes in wettability after decaying and weathering were measured by contact angle technique via sessile drop method in a Krüss DSA25 goniometer. Deionized water droplets (5 ll) were deposited on the samples' surface, in a total of five replicates for each composite (and control). The apparent contact angle was determined after 5 and 20 s of the droplet deposition on the samples' surface.
Color changes after decaying and weathering tests were measured using a spectrophotometer (CM5 model, Konica Minolta) configured to D65 light source and observation angle of 10°(CIEL*a*b* method). Five replicates for each composite were used to quantify the lightness (L*), greenred chromatic coordinate (a*), blue-yellow chromatic coordinate (b*) and chroma (C*).
Thermal and calorimetry evaluation
The derivative thermogravimetric curves (DTG) were obtained in a DTG-60 equipment from Shimadzu using an inert atmosphere with nitrogen gas flow of 20 mL min -1 , temperature range between 25 and 600°C and heating rate of 10°C min -1 . Samples weighing 5-8 mg were put inside a platinum pan to perform the tests. The instrument was preliminarily calibrated with standard mass and with standard calcium oxalate monohydrate. All mass loss percentages were determined using TA-60 WS data analysis software. The results were expressed by the first derivative thermogravimetric curves (DTG).
DSC curves were obtained from *5 mg of sample into a covered aluminum pan immersed in an inert nitrogen atmosphere (gas flow of 20 mL min -1 ) at a heating rate of 10°C min -1 . The samples were heated from room temperature to 600°C on Shimadzu DSC-60 equipment. The instrument was previously calibrated with 99.99 % purity indium, with a melting point of Tp. = 156.6°C, DH = 28.56 J g -1 .
Results and discussion
Mass percent gain
The expected cross-linking reactions between the copolymers-after addition of GMA and MAA-and the wood cell wall are via epoxy ring and -COOH with free OH groups, respectively. The chemical bond between wood and polymer reinforcement leads to a significant increase (from 39 to 50-64 %) in the MPG of the cross-linked samples ( Table 2) . The epoxy terminal group in the GMA monomer has more potential to create cross-linked structures (high reactivity), between wood and polymer, than the carboxylic acid from MAA [19] . For this reason, the MPG was higher for the W:G/M (2:1) composite.
Decay and weathering performance
The visual appearance of the composites' surface clearly shows the changes in its morphology after the decay and weathering exposure (Fig. 1) . Only the W/M:G composite did not show significant visual changes after the exposure in both tests, because of the high affinity between wood and the copolymer of MMA and GMA. The untreated wood and W/M composite showed changes in wood matrix, meanwhile the W/M:A composite showed cracks on polymer coating. Summarizing, the main changes in the structure were the appearance of surface microcracks, decaying of wood cell wall and the release of the polymer presents in the composites' surface.
The mass loss of untreated pinewood after decay was *2.5 and 5 times higher than for the mass loss of W/M composite after exposure to Trametes versicolor and Gloeophyllum trabeum (Table 3) , respectively. However, after the addition of GMA and MAA, the decay resistance was more than *5 and 10 times against for white and brown fungi rots, respectively. The main reasons are the chemical modification of the wood OH groups that block enzymatic hydrolysis and oxidative degradation [5, 18] and cause the moisture exclusion [2] . Although the GMA, inserted as crosslinker, be more effective in moisture exclusion than the MAA [19] , the results for mass loss after decay tests were similar.
The mass loss observed for the untreated samples after weathering occurred mainly by leaching of wood fibers after oxidation of the lignin present in the external surface of the sample [20] , unleashing a slow, but cyclical, process of degradation. On the other hand, the W/M compositewithout cross-linkers-has layers of polymer not chemically bonded to the surface of the wood, which end up being photodegraded and easily leached. This excess of polymer leaching resulted in a highest mass loss ([11 %). The composites with cross-linkers showed lower mass loss when compared with W/M composite due to the high compatibility between the copolymer and wood, which avoids the lixiviation of chemicals.
Likewise, the wettability and color of the composites changed after both decay and weathering tests. The main Thermal tools in the evaluation of decayed and weathered wood polymer composites prepared… 1265 color changes were observed in chroma and b* parameters. However, lightness (L*) of the samples also decreased. The same results were observed for chroma after the exposure time. Wood polymer composites presented the highest reductions, considering their higher initial value for chroma. Jointly with decrease in L*, these results indicate that generally occur darkening and fading of the colors of the samples. However, the composites are more naturally dark, which results in a smallest percentage decrease in the L* (Fig. 2) . Regarding from untreated wood, both fungi were responsible by increasing the mean values of a*, which was not expected. Trametes versicolor is known on the scientific literature as a white rot fungi [21, 22] , i.e., with preference by deterioration of lignin (reddish compound of wood). Nevertheless, in this study, the cited fungus was more selective to wood carbohydrate (cellulose and hemicelluloses), which corroborated with thermal analyzes (see ''Thermal and calorimetry study'' section).
Blue-yellow chromatic coordinate (b*) parameter decreased in all samples, especially in composites' samples. This reduction implies in a general loss of yellow tones. In summary, reduction in b*, chroma and L* proves the substitution of the original color of wood and composites to gray, dark and dull tones. From an esthetical point of view, wood polymer composites and untreated wood were similarly damaged by fungi and weathering.
Even with similar color changes in composites and untreated wood, the morphological changes in the samples' surface are very different, which implied in distinct results of wettability of composites in comparison with untreated wood.
The highest increase in wettability was observed for W/M weathered samples, followed by weathered W/M:G 2:1 composites, since the surface roughness of these samples increased (Fig. 1) . Cracking of the coated polymer was observed for W/M samples; meanwhile, W/M:G 2:1 composite presented exudation of the unreacted monomers to the temperature performed in weathering exposure. These two behaviors resulted in a significant decrease in apparent contact angle (Table 4) . Decompose of specific macro-compounds of wood by both types of fungi did not cause significant changes in the wettability of samples. The increase in the surface roughness-caused by the tests-was more important in the spreading of water than the degradation of some specific wood component. According to Notley, Norgren [23] , both cellulose and lignin components present very similar behavior in relation to wettability and surface free energy.
Thermal and calorimetry study
Peaks at 288 and 371°C correspond to the two main thermal decompositions of poly(MMA) (Fig. 3a) . In addition, an intense peak at 428°C related to the thermal decomposition of the poly(MAA) was observed. The thermal Table 1 ) Table 1 Thermal tools in the evaluation of decayed and weathered wood polymer composites prepared… 1267 decomposition of poly(GMA) shows the main peak at 279°C, while the second higher rating of mass loss was observed around 421°C [19] . Two main thermal events were verified in the curves of untreated wood (Fig. 3b) . The first, with onset at 280°C and end set at 360°C, is related to the thermal decomposition of hemicelluloses and cellulose [24] . The second peak corresponds to thermal degradation of lignin with maximum peak at *480°C.
The untreated decayed samples exposed to both types of fungi presented changes in the stage corresponding to wood carbohydrates; meanwhile, the untreated weathered samples presented changes in main stage of lignin decomposition. W/M composite presented similar deterioration for thermal curves of control, decayed and weathered samples. However, the difference observed above 400°C confirmed fungi degradation mainly in the lignin (Fig. 3c) . The weathered W/M composite showed high degradation at 400°C, which confirms the lignin oxidation on the sample's surface and the photodegradation, and leaching of poly(MMA). W/M:G 2:1 and W/M:A 2:1 composites showed slight changes in DTG curves after weathering and decay tests, which corroborates with aforementioned mass loss discussed in Table 3 . In the DTG curves of the cross-linked composites, changes were observed only in the weathered samples, wherein the main thermal decomposition was at lower temperatures for the W/M:G 2:1 and at higher temperatures for the W/M:A 2:1, when compared with respective control samples. Weathered surface of crosslinked composites samples presented excess of polymer (Fig. 1) . Regarding composites with cross-linkers, both types of fungi caused lower changes, which was previously reported in Table 3 . Li et al. [5] observed very similar Thermal tools in the evaluation of decayed and weathered wood polymer composites prepared… 1269 results, especially in the subsequent decrease in mass loss in decayed composites with small loading of GMA as cross-linker. DSC curves showed different thermodynamic events of the polymers. The endothermic peaks at *260, 280 and 400°C were related to thermal decomposition of the poly(GMA), poly(MMA) and poly(MAA), respectively (Fig. 4a) .
DSC curves of untreated wood (Fig. 4b) showed an slightly endothermic peak at 320°C ascribed to thermal decomposition of wood fibers, which was also previously verified by Devi, Maji [25] . However, W/M composite showed two distinct endothermic peaks. One of them is related to the decomposition of wood fibers (320°C), and the second is related to poly(MMA). Regarding untreated weathered samples, an increase in the peak at 320°C was observed, especially due to increase in the carbohydrates by degradation of lignin after weathering tests. On the other hand, W/M composite presented this event of decomposition at higher temperatures, which implies in a higher proportion of polymer in comparison with wood (Fig. 4c) . Decayed samples of untreated wood and W/M composite presented similar behavior in comparison with its respective controls (unexposed samples).
DSC curve of weathered W/M:G 2:1 composite showed an event at *280-300°C due to the degradation of poly(GMA), which was previously reported in DTG curve (Fig. 3e) . All DSC curves of W/M:A 2:1 composite presented similar behavior (Fig. 4d) .
In summary, the thermal events related to decomposition of composites' components were better observed by DTG technique when compared to DSC. With the DTG, it was possible to observe the decomposition of each component of the composite, since they have thermal decomposition at different temperatures. On the other hand, in the DSC it was not observed because the curve of untreated sample presented only one peak related to thermal decomposition-making it very difficult to extract any information. In addition, the polymers and copolymer used here are of thermoset nature (due to cross-linked chemical structure) and not presented melting point, which could help interpret the thermal decomposition phenomena, by DSC. Thus, DTG was the best thermal tool for tracking changes in the structure of decayed and weathered composites.
Conclusions
The mass loss after decaying and weathering is higher in untreated wood, followed by W/M composite. The composites with cross-linker presented lower mass loss. The color changes are very similar between composites and untreated wood, wherein the main changes were the reduction in L*, chroma and b*, i.e., loss of original yellow tones of samples and increase in dark and dull tones. After the exposure, the wettability was more affected by the roughness of samples' surface than by the fungi and weather degradation of wood compounds.
Only DTG allow the identification of some degradation of carbohydrates in the decayed untreated samples and loss of lignin in the weathered samples. Weathered W/M composites also presented loss in lignin and thermal decomposition of unbounded poly(MMA) on the composites' surface. Small changes were observed for cross-linked composites due to the low mass loss after biological tests. DTG was the best thermal tool for tracking changes in the structure of composites and untreated wood exposed to decay and weathering, since the events of thermal decomposition are not clear in the DSC curves.
